Introduction
Shown conclusively in several landmark studies to reduce the risk of visual loss, visible end point (conventional) photocoagulation remains the primary treatment for diabetic retinopathy. [1] [2] [3] [4] [5] [6] However, the retinal destruction inherent in conventional photocoagulation may cause both short-and long-term visual loss and compromise other visual functions limiting the usefulness and effectiveness of treatment. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Recently, two studies reported successful subthreshold treatment of diabetic macular oedema employing a micropulsed diode laser. 18, 19 In one of these, treatment was performed without evidence of laser-induced retinal injury. 19 Herein, we describe use of the same subthreshold diode micropulse (SDM) treatment strategy to perform panretinal photocoagulation (PRP) for severe nonproliferative and proliferative diabetic retinopathy.
Methods
Upon receiving authorization by the hospital Institutional Review Board, we reviewed the records of all patients treated for retinal vascular disease in a solo private vitreoretinal subspecialty practice in the period from April 2000 to February 2003. We identified 231 consecutive patients (348 eyes) treated with SDM for retinal vascular disease.
Eyes selected for this study had diabetic retinopathy ranging from severe non-proliferative to any degree of proliferative diabetic retinopathy (PDR) undergoing pan retinal SDM. Exclusion criteria included conventional PRP performed before April 2000 (56 eyes), less than 3 months follow-up after SDM PRP (15 eyes), and eyes with preoperative visual acuity of less than 5/200 (25 eyes). Ninety-nine eyes from 63 patients were found to be eligible for this study.
Recorded information included age, race, sex, laterality, diabetes type, presence or absence of systemic hypertension, other medical conditions and use of medications, best corrected Snellen visual acuity, lens status, prior ocular surgery, presence or absence of anterior segment neovascularization, presence or absence of macular oedema, prior and/or subsequent macular laser treatment, presence or absence of vitreous haemorrhage, retinopathy severity, and performance of vitrectomy. SMD treatment parameters were noted for each eye.
Treatment failure end points selected for this study were either the development of postoperative vitreous haemorrhage or performance of vitrectomy. If vitreous haemorrhage developed, the occurrence and date of occurrence were noted. For patients with and without vitreous haemorrhage, data were recorded up to and including their most recent clinical examination. For patients requiring vitrectomy, the final follow-up visit recorded was the final examination before vitrectomy.
Diabetic retinopathy severity was determined from chart notes, fundus photographs and fundus drawings and categorized as follows: severe non-proliferative (SNDR) (severe generalized background retinopathy with additional findings of multiple retinal infarcts, and/or venous dilation, focal narrowing, or loops); low-risk PDR (LRPDR) (neovascularization less than Diabetic Retinopathy Study Research Group (DRS) definition of 'high risk' findings); high-risk PDR (HRPDR) (according to DRS threshold criterion); moderately severe PDR (MSPDR) ( 1-4 disc areas of disc and/or retinal neovascularization7vitreous haemorrhage); and severe PDR (SPDR) (44 disc areas of neovascularization7vitreous haemorrhage). 5 A positive treatment response for PDR was defined as the disappearance, regression or arrest and fibrosis of neovascularization postoperatively. For severe non-PDR a positive treatment response was inferred by lack of progression to proliferative retinopathy.
The time-related probability of treatment failure events -post-treatment vitreous haemorrhage and vitrectomy -was estimated using Kaplan-Meier survival analysis. Risk factors for these events were evaluated using Cox proportional hazards models. SAS 9.1 statistical software (Cary, NC, USA) was used for all data analysis.
SDM treatment parameters
All SDM PRP was performed in a single session by a single surgeon (JKL). Informed consent was obtained. Although conventional suprathreshold PRP was available to every patient, each patient was offered SDM PRP as less likely to require local anaesthesia, less likely to cause retinal damage or scarring, and potentially effective but possibly requiring additional/repeated treatments or abandonment in favour of conventional PRP if unsuccessful.
Topical anaesthesia was administered. An inverting wide-field contact lens (Volk 160 Panfundus lens, Volk Corporation, Mentor, OH, USA) was applied to the cornea with methylcellulose fluid. An 810 nm diode laser photocoagulator (Iris Medical OcuLight SLx, IRIDEX Corporation, Mountain View, CA, USA) was used in its MicroPulse operating mode. All patients were treated with a 500 mm aerial spot size, 0.20 s pulse envelope duration, with an initial 2.0 W power setting. Within the laser pulse envelope, a 15% duty cycle, each delivering a train of 100 sequential laser pulses of 300 ms 'on' time separated by 1700 ms 'off' time, was employed for each patient.
All areas of the fundus outside the posterior major vascular arcades as far as to the retinal periphery could be visualized were treated with a tight grid pattern of SDM. Owing to the absence of observable laser lesions at the time of treatment, the fundus was visually divided into sectors demarcated by the retinal vascular tree, facilitating creation of a short-term mental 'inventory' of the treated areas. These sectors were then treated in succession until PRP was complete. If the patient complained of discomfort, the power, spot size and/or pulse envelope duration were reduced until comfortable and treatment was completed. In contrast to typical visible end point argon laser PRP, the patient pain threshold with SMD PRP employing a 500 mm aerial (1000 mm retinal) spot size was generally significantly lower than the threshold for creating visible retinal photocoagulation burns.
Results
Study patients ranged in age from 33 to 85 years, with a mean age of 60.5 years (SD ¼ 12.1 years). Thirty-nine were male (62%) and 24 female (38%). Thirty-two patients were Caucasian (51%), 23 Hispanic (37%) and eight Asian (13%). Twenty-six patients had type I diabetes mellitus (41%) and 37 had type II (59%) diabetes mellitus. Treated conditions ranged from severe non-proliferative to severe proliferative diabetic retinopathy (Table 1) .
All patients elected SDMM PRP as an initial treatment. No patient required subsequent conventional PRP owing to failure to respond to SDM PRP. The number of SDM laser applications delivered at the initial treatment session ranged from 458 to 2001 (median 1425 per session), which was higher than the overall median number of applications per session across all sessions, 1218 (range 490-5093). The total number of laser applications delivered per eye ranged from 638 to 25 466 with a median of 2234. The number of SDM PRP sessions per eye ranged from 1 to 6, with a median of 2.0 sessions per eye. (Table 2 ) No patient required injection of local anaesthesia.
Follow-up after the initial SDM PRP session ranged from 98 to 997 days, with a mean of 390 days (1.1 years) (SD ¼ 239 days) and a median follow-up of 1 year. Eighteen of 99 eyes (18%) presented with vitreous haemorrhage, and 81 eyes (81%) without. Of the 81 eyes presenting without vitreous haemorrhage, 17 eyes (21%) developed vitreous haemorrhage during follow-up. In eyes presenting without vitreous haemorrhage, the probability of vitreous haemorrhage at 1 year following initial SDM PRP for PDR was 12.5% (Kaplan-Meier survival analysis) (Figure 1) . Age, sex, diabetes type, and baseline diabetes status (PPDR vs PDR) were not significantly associated with risk of developing vitreous haemorrhage. PDR severity was a risk factor for vitreous haemorrhage of borderline significance, with a hazard ratio in the full model of 6.0 (95% CI, 0.7-48.6; P ¼ 0.09) indicating that eyes presenting with PDR were at sixfold risk of vitreous haemorrhage compared to eyes with SNDR.
Of the 35 eyes (35%) presenting with or developing vitreous haemorrhage during follow-up, 10 (29 or 10% of all study eyes) underwent vitrectomy for non-clearing vitreous haemorrhage. This includes four of 18 eyes presenting with vitreous haemorrhage, and six of 17 eyes presenting without vitreous haemorrhage which developed vitreous haemorrhage following SDM PRP. An additional seven (7%) study eyes underwent vitrectomy for reasons other than non-clearing vitreous haemorrhage. The length of time from initial SDM PRP to vitrectomy in all eyes ranged 134-313 days, mean 246 days. Overall, the probability of undergoing vitrectomy following SDM PRP for PDR was 14.6% at 12 months (Kaplan-Meier survival analysis). (Figure 2 ) Age, sex, diabetes type, and diabetic retinopathy severity were not significantly associated with the risk of vitrectomy. Four eyes presented with iris neovascularization (NVI). One additional eye developed NVI following initial treatment. In four of these five eyes, the iris neovascularization resolved or arrested. No studied eye required surgery for neovascular glaucoma. In three eyes (3%), severity of retinopathy increased despite initial SDM PRP. Additional SDM PRP achieved arrest and regression of NV in these three eyes.
With respect to visual acuity changes of three or more Snellen lines, visual acuities on average remained unchanged during follow-up. 
Discussion
Despite the effectiveness of conventional photocoagulation, there is no evidence that the retinal destruction inherent in visible end point photocoagulation is actually necessary to achieve a therapeutic benefit in the treatment of retinal vascular disease. 5, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [19] [20] [21] [22] With this in mind, we describe a novel atraumatic photocoagulation technique for treatment of diabetic retinopathy. We used a low-duty cycle micropulsed diode laser to perform subthreshold photocoagulation that does not cause retinal scarring. In so doing, we observed none of the complications associated with conventional visible end point photocoagulation. Our 'high-density/low-intensity' SDM PRP technique, employing a large retinal laser spot size and low laser irradiance level, appeared effective in the treatment of severe non-proliferative and proliferative diabetic retinopathy. 19, [23] [24] [25] [26] [27] Like previous studies of PRP for PDR, overall visual acuity was unchanged. [28] [29] [30] However, the proportion of eyes with excellent visual acuity of 20/30 or better visual acuity increased from 39 to 48% during the course of the study, possibly due to avoidance of treatment complications that can reduce visual acuity postoperatively.
As the DRS and ETDRS the management of diabetic retinopathy has continued to evolve. In addition to recent advances in pharmacotherapy, vitrectomy techniques, and indications continue to improve and expand. [31] [32] [33] [34] [35] [36] Vitrectomy for diabetic retinopathy is now often undertaken earlier and for indications other than vitreous haemorrhage or traction macular detachment. Thus, it is difficult to directly compare this with past reported a similar incidence of de novo vitreous haemorrhage of 28% in 165 eyes followed 1 year after conventional argon laser PRP for PDR. Vitrectomy was performed in 17/99 (17%) of study eyes. This includes 4/18 (22%) of eyes presenting with vitreous haemorrhage and 6/17 (35%) of eyes developing new vitreous haemorrhage. Thus 7/17 (41%) eyes in this study undergoing vitrectomy were operated for reasons other than non-clearing vitreous haemorrhage, most commonly premacular fibrosis. Although higher than the ETDRS vitrectomy incidence of 5.6%, our 17% vitrectomy incidence (10% for non-clearing vitreous haemorrhage) is within the range reported in contemporary studies. 28, 37 Consistent with the observations of the DRS, ETDRS, and subsequent studies, the most common clinical response to SDM PRP was arrest or regression and fibrosis of neovascularization rather than disappearance. Compared to our experience with conventional PRP, the response to SDM PRP developed more gradually and without marked contraction of the neovascular tissue. SDM PRP may thus be especially useful in the management of eyes with extensive active neovascularization, which are more prone to retinal detachment following conventional PRP. 16, 38 Patient acceptance of SDM was high. SDM PRP was well tolerated in a single session with topical anaesthesia alone by all patients. One-third of eyes required a single treatment session, slightly less than the 45% reported for conventional PRP. 20 However, re-treatments were well tolerated and could be performed as necessary due to the absence of retinal damage, scarring, inflammation, and associated complications. 39 The 810 nm wavelength allowed treatment through dense nuclear sclerotic cataracts, preretinal fibrosis, vitreous haemorrhage, and thin preretinal blood.
Owing to lack of precedence and absence of a visible treatment end point, the SDM PRP treatment parameters we used in this study were arrived at empirically, designed to avoid creation of clinically detectable photocoagulation lesions. Subsequently, with Mainster and co-workers, 19 we suggested rational bases for refinement of SDM treatment parameters, which may improve the effectiveness of SDM while still avoiding detectable retinal injury. We believe that the effectiveness of SDM PRP we have observed at the low laser irradiance levels employed in this and our previous report of SDM for diabetic macular oedema support the relevance of SDM theory in clinical practice. 19, 40, 41 This study reviews the experience of a single surgeon employing a novel photocoagulation strategy in a clinical setting to treat diabetic retinopathy. Although visual acuity outcomes were assessed, other tests of retinal function such as visual field testing and electrophysiology were not performed. Owing to the absence of clinically notable retinal injury we suspect that such testing, which should be a part of any future study, may further differentiate the results of SDM PRP from conventional PRP. The present study is further limited by its small sample size, brief follow-up, and reliance upon historical controls resulting in difficulty comparing our findings to previous studies. However, the results suggest that with respect to preservation of visual acuity and the incidence of untoward postoperative events such as vitreous haemorrhage and performance of vitrectomy, SDM PRP may be useful in the treatment of severe non-proliferative and PDR while avoiding laser-induced retinal damage and the complications associated with conventional photocoagulation. The shift in the benefit/risk ratio afforded by the low treatment risk of SDM has altered our approach to the management of diabetic retinopathy. 19, 41 We believe that further study of SDM for treatment of diabetic retinopathy and other retinal vascular disorders in a randomized clinical trial is warranted.
